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THE PHYSICS OF NUCLEAR FISSION
by A. Kraut
Translated by Dorris Wallenbrock
5. KINETIC ENERGY OF THE FISSION PRODUCTS

5.1. The Kinetic Energy of Fission Products Within the Framework of

Energy Balance

The kinetic energy Ty, + Ty of the two fission fragments appears to
stem essentially from the Coulomb energy between the fission fragments
(considered in terms of the point at which the latter already exist but have
not yet separated). Ty + Ty is nearly independent of the bom-
bardment energy and, thus, of the excitation of the splitting nucleus (4 5.6),
and a rough estimate of the Coulomb energy is known to yield a value which
agrees with the measured mean values of Ty + Ty (% 5.6). The deforma-
tion energy of the fission fragments (at that point at which they already
exist but have not yet separated) would then have to be transformed into
excitation energy. Following this transformation, let Uy and Uy be the
excitations of the light and heavy fission fragments, respectively.

Ug, * U supplies the energy for the emission of prompt neutrons

and gamma-rays (1 8):

Up, +Ug = 2B, + 2T, + 2T,



It is assumed here that the fission products (i.e., the fission fragments'

after the emission of the prompt neutrons) exist in the ground state, after

the entire prompt gamma-radiation has been emitted. Deviations from
this assumption would not result in any great errors, because the excita-
tions of isomeric nuclei are generally small compared with Uy, + Up.

The energy liberated during fission is
F= Tyt Tyt U + Uy (5.1-2)

F does not contain the energy of the light particles which may have been
emitted before fission (4 1.33 and 1.43), nor the energy liberated through
the B-emission or K-capture or the emission of delayed neutrons on the
part of the fission products; however, it does contain the binding energy of
the prompt neutrons.

Within the limits of measurement accuracy, the kinetic energy of

fission fragments and fission products* can often be equated; then,
F =T1+Th+UL+UH (5.1-3)
On the other hand, if Equation (5.1-3) is valid,

c? (M, - My, = Mp)
for spontaneous fission,
F = 1 (5.1-4)
c2 (M, - My, - Mp) + E, + By

for fission by slow neutrons.

-

*Capital subscripts refer to fission fragments; lower-case subscripts refer
to fission products,
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M,, My, and Myjdenote the ground-state masses of the compound nucleus,
the light fission fragment, and the heavy fission fragment; E, and B, are
the kinetic and binding energies of the bombarding neutron.

In establishing the conservation theorem for mass numbers A and

momentum Av, the following approximations are usually applicable:
Ay + Ap + v = A, (5.1-5)
Aivy = Apvp (5.1-6)

(7Eq. 5.1-6 is written for fission products instead of fission fragments.)
The equations carry the further restriction that the projectile energy be so
small that the projectile momentum can be neglected and a compound

nucleus is formed. Also,
ATy = ApTh (5.1-7)

On the basis of the above equations, one can calculate, for a pair of com-
plementary (originated in the same act of fission) fission products, the
masses and energies from the velocities and the velocities and masses

from the energies.
5.2, Measured Energy Magnitudes and Their Correlation

5.21. Measurements of fission-product pairs.

Measurements of T} and Th in the case of fission-

product pairs (i.e., fission products originating from a



single act of fission) are shown in contour diagrams (Fig.
5.21-1). The contour lines are curves of equal frequency

of pairs of fission products with energies between T and

T; + dT; or between Ty and Ty, + dTh. The group of
diagonally rising lines consists of lines of constant Tj/Ty;
if the bombardment energy is sufficiently low, they are
also constants of the fission ratio Ap/Aj (Eq. 5.1-7) and
the mass numbers A; and Ay, (Eq. 5.1-5). The group of
diagonally descending lines consists of lines of constant
(T1 + Ty).

If we cut the contour diagram (visualized as three-
dimensional), with a plane vertical to the drawing plane,
along a line T1/T} = const, the distribution of T} *+ Ty, for

a fixed fission ratio Ay/Aj results (if the bombardment

energy is sufficiently small). Figure 5,21-2 shows such
distributions for the fission of the compound nucleus Pu242,
The value of T{ + T}, at the maximum is the most probable
total kinetic energy (T; + Tp) for the Ay /A under consider-
ation. In addition, the mean total energy T; + Ty can be
calculated for each Ap /A1~ By averaging T; + Th over all
Ah /Al’ weighted by the frequency of the appropriate Ah/Al
(of the area below the distribution curve), the mean total

kinetic energy Ty + T}, of all fission-product pairs is yielded.



5.22,

If we drop the difference between Ty and Ty, i.e.,
consider only the frequency of measured fission-product
energies between T and T + dT as a function of T, then we

obtain the distribution of the energy T of individual fission

products. Such distributions are shown in Fig. 5. 3.

Using 9 5.1, the mass numbers Aj and Ay and the
velocities vy and vy, and concurrently, the distributions of A
(primary mass distribution; see 9 4.1) and of v (velocity
distribution), can be determined from T; and Ty.

Measurements of v; and v}, of fission-product pairs
are shown in similar contour diagrams, whose coordinates
are v] and v,. Using 9§ 5.1, they can be converted into
T-Ty, -contour diagrams, and thus, all the magnitudes in
9 5.21 are again obtained.

Table 5.2 gives a general view of the energy and
velocity measurements carried out on fission-product pairs.

Measurements of fission products without consideration of

their paired origin.

Measurements of the kinetic energy T of individual
fission products yield only the distribution of T; such meas-
urements are shown in Table 5.2. Measurements of the
velocity v of individual fission products yield only the dis-

tribution of v. The latter was determined in this manner



only for the thermal fission of U233, U235, and Pu?39
(Le 52-1).

5.23. Measurements of fission products with fixed mass number.

Measurements of energy Tj of fission products with
a fixed mass number Aj can, according to 4 5.1, also yield
Ay, and Ty, assuming a sufficiently low bombardment energy,
and thus, the distribution of T} + T}, for one fixed fission
ratio Ap/Aj. Correspondingly, this is true when subscripts
1 and h are interchanged. The measurements performed
pertain to the fission of Bi by protons with energies
between 50 and 2, 200 MeV (Su 56~1) and the fission of Bi
and Ta by 450-MeV protons (Po 57-2); for such bombard-
ing energies, the equations of 9 5.1 are no longer valid,
Thus, in Po 57-2, Ap was estimated with the aid of the meas-
ured distribution of the fission-product masses (Table 4.21),
after A) had been measured. Finally, on the basis of the
energy and impulse balance, the most probable kinetic

energy {T; + Tp) was determined (Fig. 5.53-1).
5. 3. Kinetic-Energy Distribution of Individual Fission Products

Figure 5.3 shows the shape of the energy distribution during the
fission of U239 by neutrons of various energies E. The transition from

a double-hump curve to a single-hump curve with increasing E, corresponds



to the parallel change in the mass distribution (‘ﬂ_ 4.221). The same
transition takes place with the target nucleus Ra?26 in the far narrower
E, region of 3 to 15 MeV (No 58-1).

The two energy-distribution maxima move closer together with
increasing bombardment energy, and thus also with increasing excitation
of the splitting nucleus (Fig. 5.3). This is clearly demonstrated in the
comparison between the energy distribution for the spontaneous fission
(Ko 58-4) and the photofission (Ko 56-1, Ko 59-1) of U238; The distance
between the maxima is smaller in photofission.

For compound-nucleus excitations U, < 5 MeV, the energy distribu-

tion depends only slightly upon U,. Thus, the energy distributions for

239 240

thermally split U and spontaneously splitting Pu (Se 54-1, Mo 58-1),

as well as those for thermally split Pu?4l and spontaneously splitting pu242

(Sm 57-1) are not markedly differeht.

With constant U, the energy distribution does not manifest a strong
dependence on mass number and atomic number Z; of the target nucleus
(for Z4 > 90) any more than does the mass distribution. This is clearly
visible in the contour diagram for the spontaneous fission of Pu242, Cm242,
and Cf292,

From the above, it is apparent that a single-hump (double-hump)
energy-distribution curve corresponds to a single-hump (double-hump)
mass-distribution curve. There are still other mathematical interrelation-
ships which are valid for both types of distributions. However, one must

not conclude from this that the double-hump energy distribution is an
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inversion of the double-hump mass distribution: A very heavy fission
product is generated, together with a very light fission product; a heavy
fission product with above-average energy Tg, on the other hand (see

Fig. 5.21-1), is preferably paired with a light fission product with above-

average energy Tj.
5.4. Range Distribution of Individual Fission Products in Absorbers

In the case of very high bombardment energies, it is difficult to
measure energy distributions of fission products. Therefore, range
distributions were frequently measured in photoemulsions and inter-
preted under the assumption that the number of maxima corresponds for
range, energy, and mass distribution and that a narrow (broad) range dis-
tribution corresponds to a narrow (broad) energy and mass distribution.
Those measurements of range distribution which have been interpreted in
this manner as substitutes for energy distributions are shown in Table 5. 2.
At similarly high bombardment energies (4 4.221 and 4. 24), they then
lead to similar results as measurements of the mass distribution.

In the case of the target nuclei U238 and Bi209

, the probability of equal
ranges of the two fission products increases with the increasing excitation

Uy of the residual nucleus remaining after the cascade, until Uy has reached
60 to 100-MeV; with higher Uj, the range distribution becomes broader

again (Pe 55-1, Sa 55-2). In the fission of Bi by 660-MeV protons, a

Uy, region is reported in which the range distribution appears to be



three-humped (Da 59-1). The range distributions for the fission of uranium
by 350-MeV protons (Iv 56-2, Iv 57-1), 280-MeV-7t mesons, and slow 7~
mesons (Be 55—1, Pe 55-1, Pe 55-4, Iv 56-3, Iv 57-1) are single-humped
and nearly equal (Iv 58-1, Iv 58-2),

With very light target nuclei (Ag, Br) and high bombardment ener-
gies (Ep = 300 - 660 MeV), the range distribution also has an appearance
similar to that of the mass distribution (9 4.24): One maximum corres-
ponds to the fissions, and two outer maxima (§a 58-1) correspond to the
spallations.

A systematic discussion of the ranges of fission products in

absorbers is not the object of this paper.

5.5 Distribution of the Total Kinetic Energy T, + T} for the Fixed

Fission Ratio Ay /A;.

5.5.1 Width of the distribution.

The width of the distribution can be determined for each
ratio Ay /A; from the measurements of T; and T, or v
and v, of fission-product pairs (Table 5.2, 9 5.21). For
individual fission ratios, the width of the distribution was
also determined in an indirect manner for the thermal
splitting of U235 (Co 56-1) and for the fission of U233 and
ﬁ235 by fission neutrons (Go 56-1). Figure 5,21 shows
the distribution as a function of Ap/A; for the fission of the

compound nucleus Pu?42,
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52

In all cases, the width of the distribution turns out

to be about 10 to 13% of the probable total energy <T1 Ty
The width of the distribution does not necessarily appear to
depend on the splitting nucleus and the fission ratio; only in
the case of Cf292 was a weak minimum observed at the most
probable Ah/Al (Mi 58-1). The statistical theory (Fo 56-1)
gives the inadequate value of 6% of <T1 + Th> for the width
of the distribution.

Interpretation of the distribution.

The simplest explanation for the fact that the total
kinetic energy can assume a whole range of values with a
fixed fission ratio would be based on the fact that the
nuclear charges of the fission product can have several
values, which result in various Coulomb energies, and thus
(% 5.1), in different T + Ty. If we assume the excitation
Up, t Ugof the fission fragments to be constant, the distri-
bution of Ty + Tp and the distribution of the nuclear charge
(both with fixed Ay /A;, and hence, fixed mass numbers Aj
and Ap; see % 7.1) obviously determine each other (Egs.
5.1-3 and 5.1-4). However, calculations showed that the
charge distribution resulting from the (T + Ty) distribution
is completely incompatible with the measured charge distri-

bution (9 7.41; Br 49-1; with new energy values: Mi 56-1),
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and that a much too small (Tl + Ty,) distribution (Mi 56-1)
follows from the measured charge distribution. Thus, the
fluctuations in T; + Ty, must stem primarily from the fluc-
tuation of the excitation UL + UH, even though the total
amount of T; + Ty is given primarily by the Coulomb energy
@ 5.1).

Fluctuations of Uy, + Upgcorrespond to fluctuations
of the energy yielded in the form of prompt neutrons and
gamma-rays (Eq. 5.1-1). From the distribution of
Up, + Uy the evaporation theory yields the probability for
the emission of exactly v neutrons per fission as a function
of v (9 8.23). If the calculation is based on that distribu-
tion of Uy, + Up which, according to Eq. (5.1-3), results
from the measured (T; + Ty) distribution, the probability
for the emission of the exactly v neutrons per fission agrees
satisfactorily with the measured probability (L.e 56-2,

9 8.23).

If, on the other hand, we consider the measured
probability for the emission of exactly v neutrons per fission
on the basis of being a function of v, then calculate the dis-
tribution of Uy, * Uy, and finally, from this, according to
Eq. (5. 1-3), the distribution of T} + Ty, 11% of the most
probable total energy (Co 56-1) is yielded as the width of
this last distribution. The value measured in Co 56-1
amounts to 11.4%.
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5.53.

The most probable and mean total kinetic energy.

The most probable total kinetic energy {(T1 * Th)
and the mean total kinetic energy m (% 5.21) differ
only slightly and will not always be kept strictly apart. They
should increase with a decreasing Ap/A; if T} + Th stem
from the Coulomb energy of the fission fragments (9 5.1):
The Coulomb energy is proportional to the product Z1,Zg of
the fission-fragment charges, and, because of the condition
Zi, v Zyg = const, this product has a maximum for Zy, = Zpy,
i.e., for a symmetrical splitting.

Actually, the maximum of (T} + Ty) exists only with
high bombardment energies E 2 20 MeV for Ay /A; = 1. Fig-
ure 5.3-1 shows this for the fission of Ta and Bi by
450-MeV protons (Po 57-2). The range of the fission products
reaches a maximum of T; + Ty, at Ay, /A] = 1 as a function of

Ay, /A1 (Do 54-1) in the fission of UZ3®

by 18-MeV deuterons
and 335-MeV protons.
In thermal and spontaneous fission, the maximum of

Ty + Tp is at Ap/A;=1.2. Figure 5.53-2 shows this for

Cf252 (St 58-3; also, Hi 57-1 and Mi 58-1). Similar results

were found for the thermal fission of Th229 (Sm 58-1), U233

(Br 50-1, Fr 54-1, St 57-1) U235 (Br 50-1, St 57-1), and

Pu239 (Br 50-2, St 57-1). A similar maximum can be

- 12 -



assumed from the shape of the fission-product range
dependent upon Ay /A; (thermal fission of Pu?39, Ka 48-1).

Thus far, theory has been unable to explain this
position of the maximum. In Fig. 5.53-2, the sum F, com-
puted from the mean kinetic and mean excitation energies
(the latter average was M), once using Eq. (5.1-3)
and once Eq. (5.1-4), is entered as a function of Ap/A).

The two curves agree satisfactorily for Ap/A] > 1.1,
but not at all for Ap/A] <1.1. The only suggested explan-
ations offered so far are the dependence of the measured
results on Ah/A1 (Mi 56-1) and large systematic errors in
measuring the fission products, which are rarely even close
to symmetrical (St 58-3).

In Fig. 5.53-2, U_]:TU_Hshows no maximum for the
most probable fission ratio Ap/Aj;= 1.35. This is contradic-

tory to the statistical theory of fission (Fo 56-1).
5. 6. The Total Kinetic Energy of All Fission-Product Pairs

The mean total kinetic energy —T1—+T_h of all fission~product pairs
is derived, according to 9 5.21, from the contour diagrams or through
direct calorimetric measurement (Le 55-1, Gu 57-1). If we take into
account mathematically the emission of prompt neutrons, we can also

determine the mean kinetic energy Ty, + Tpof all fission fragments (before
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neutron emission). Sometimes, a most probable total kinetic energy, which
is not further defined, is given. The differences between the individual
values are small and often insignificant.

Computed optimum values for m (Te 59-1) can be read from
Fig. 5.6 by averaging numerous measurement data.

From an over-all point of view, m increases with increasing
nuclear charge Zi of the target nucleus (Sm 58-2 for Z¢ 2 90, Ju 49-1 and
Po 57-2 for Zj £90). The Coulomb energy between the fission fragments,
of course, increases in the same direction.

With moderate excitation of the compound nucleus U, < 8 MeV and
90 z, £98, m depends roughly linearly on the theoretically mean-
ingless parameter Z%/A%/3 (Fig. 5.6 for Te 59-1; Sm 57-1). As a function
of ZZ/A_, T, * Ty, yields a rising curve for 90 < Z, < 98 but is followed
by a decrease beyond Z, = 100 (Fm254; Sm 58-2), The maximum at z, = 98
is accompanied by a sudden increase in the most probable mass number of
heavy fission products and a discontinuity in the @-decay systematology
(Gh 54-1, Gh 56-1). A new magic number (N = 152) is the end result (see
% 3.3).

In the case of a fixed target nucleus, m is only very weakly
dependent on excitation of the compound nucleus or bombardment energy
(Wa 54-1, Sm 57-1). Apparently, 'E‘l:_-!':’l‘fl decreases somewhat with

increasing bombardment energy (Ju 49-1),
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6. ANISOTROPY OF THE FISSION-FRAGMENT EMISSION

6.1. Introduction

The fission fragments do not fly apart isotropically if the symmetry
axes of the splitting nuclei are oriented nonrandomly to the direction of bom-
bardment at certain angles. Such nonrandom orientations can be achieved
by orienting the target nuclei in appropriate chemical combinations at very
low temperatures (Ro 57-1) or by means of changes to which the angular-
momentum directions of the compound nuclei are subjected (as a result
of the orbital-angular momentum of the bombarding particles contained in
them).

If P is the angle between the incident particle and the direction of
flight of the fission product in the center-of-mass system of the splitting
nucleus, the distribution of the fission products with respect to f (the
angular distribution) can be given by a + b coszjﬁ + c cos4¢ or a *+
b sinzﬁ + c sin415, with non-negative a and b. In general, the fission
fragments are emitted nonrandomly at § = 0in the first distribution and
at p = 90 deg in the second. Frequently, the distributions with ¢ = 0 are
approximated with sufficient exactness; then, b/a serves as a measure of
the anisotropy. Otherwise, the measure of the anisotropy is the number

L (0 deg) of the fission fragments emitted at $p = 0, divided by the number
L (90 deg) of the fission fragments emitted at $ = 90 deg, or some similar
relationship.

In the laboratory system, the angle between the incident particle

and the direction of the fission fragment is measured. This angle is now
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considerably different from § at higher bombardment energies. Sometimes
the angle projected on a plane (photoplate) is used (Lo 55-1, Pe 55-1, Os 56-1,
Ba 57-1, Ba 58-1)., Refinements such as the above need not be considered

in the following, since here the results are generally discussed only quali-
tatively. For quantitative comparisons with theories, extremely exact
measurements are necessary (Co 58-2), especially in angular distributions,
and the above-mentioned refinements can be significant.

Table 6.1 shows a survey of the measurements which have been made,
6. 2. Photofission

6.2.1. Dependence of angular distribution of target nucleus and

maximum photon energy.

The preferred emission angle (if any anisotropy exists
at all) is f = 90 deg. The angular distribution can be approxi-
mated by a + b sin2f + c sin*p (Re 55-1, Ba 57-1, Ba 58-1);
some authors are content with this distribution, with c = 0
(Wi 56-1, Fa 58-2, Ka 58-1, Co 59-1), The cause of the
discrepancies which arise because of this is not quite clear;
only part of them can be explained by underestimation of the
statistical measurement fluctuation (Fa 58-2).

Anisotropy was observed in the even-even target

230 232 238

nuclei of Th , Th , U but not in the even-odd and

237 241

Np s Pu239, and Am .

odd-even nuclei of U233, U235,
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The anisotropy decreases with increasing maximum photon
energy E, and disappears entirely when Ee =~ 16 MeV
(Fig, 6.21). | |

This is precisely the qualitative theoretical expectation
if electrical dipole absorption (1 = 1) is assumed (Bo 56-1,
St 56-3). The even-even compound nucleus, then, has the
angular momentum I, = 1 in the direction of the photon ray.
For the lowest levels of the nucleus at the saddle point of
the fission, the projection of IZ onto the nuclear symmetry
axis has the quantum number K = 0; this means that the
symmetry axis is nonrandomly perpendicular to the direc-
tion of bombardment, from which the preferred emission
angle for the fission fragments, § = 90 deg, follows, Fur-
ther analysis will also result in the observed distribution
a + b sin?p.

The levels with K = 1 in the even-even nucleus are
about 1 MeV higher than those with K = 0. Only when Eg
becomes correspondingly higher does the nonrandom difec—
tion § = 0 demanded by K = 1 enter the competition and
reduce the anisotropy. With even higher Eg, none of the
channels will be nonrandom any longer, and the anisotropy
must disappear.

An even-odd or even-even compound nucleus can have

different I,, and the levels corresponding to the various K are
- 17 -



denser (closer together). rIb‘hezc'efozc*e, even with the smallest
possible Ee’ the fission will proceed through more than one
channel; no anisotropy will therefore be achieved (Bo 56-1).

The term c sin4¢ in the angular distribution denotes
noticeable electrical quadrupole absorption (Ba 57-1), which
appears strongest at E’Y = 7.5 MeV (Ba 58-1). However,
the electrical dipole absorption always dominates.

6.22. Dependence of the angular distribution on the fission ratio

Ap/A.

Thus far, the anisotropy was assumed to be averaged
over all Ah/Al. If we consider it as a function of Ay /A, we
find that the anisotropy nearly disappears in symmetrical
fission and increases strongly only as Ah/Al increases
(Wi 56-1). The significance of this is (St 56-3, Co 58-2,

Ha 58-1, Ha 58-2) that compound or residual nuclei with
small excitation, which, according to 9 6.21, split par-
ticularly anisotropically, also split less symmetrically

than nuclei with greater excitation (9 4.221).
6.3 Thermal Fission of Oriented Nuclei

The thermal fission of oriented U233 nuclei leads to a weakly aniso-
tropic fission-fragment emission, about which only provisional results are

available (Ro 57-1, Ro 58-2). Orientation is effected by means of electrical
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guadrupole coupling in crystals of UOsz(N03)3 at temperatures of about
1°K. According to theory, such anisotropy is to be expected, because in
thermal fission only a few channels with specified angular-momentum

quantum numbers I and K are available (Bo 56-1, Ro 58-2),
6.4 Fission by Neutrons With Energies 0.4 MeV £ E, £ 10 MeV

In the case of even-even target nuclei with a neutron threshold energy
EB >0 (Th 232, U238), § = 90 deg is the preferred emission angle in the
region in which the fission cross-section o, rises to the first plateau
(9 1.32). For higher En’ the preferred angle changes to § = 0; the amount
of anisotropy fluctuates as a function of E (Fig, 6.4), Maximum amounts of
anisotropy coincide with increases in op (En); i, e., they apparently occur
when new fission channels become available (9 1.321), This is particularly
apparent as o, (En) rises to the second plateau (4 I,33).

It appears clear that a tendency toward small projections of the
compound-nucleus angular momentum I, exists in the impulse direction; this
tendency will be proportionately greater as the orbital~angular momentum
(perpendicular to the bombardment direction) of the bombarding particles
increases and as the compound-nucleus angular momentum It decreases., A
further tendency toward small projections K of I, toward the symmetry axis
of the nucleus (Bo 56-1, St 57-2), that is, in the direction of the fission-
fragment emission, then leads to the preferred § = 0 for this emission. The

observed angular distribution, too, follows on the basis of the above and of
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further statistical analyses (St 57-2). The preferred direction f = 0 will
be especially pronounced when a specific channel with small K makes a
particularly strong contribution, as appears to be the case in fhe increase
of of(En)(Bo 56-1). The emission angle § = 90 deg in the region of the
neutron threshold energy can be explained by appropriate corollary
assumptions about K and 1 (1 = 3)(Wi 56-2),

For even-odd target nuclei (U233, y235, py239), $ = 0is always
the direction of preferred emission (for En > 0.4 MeV). Here, too, the
anisotropy fluctuates as a function of En’ but it remains smaller (under
about 1. 3) than in the case of even-even target nuclei (Br 55-1; further
provisional results in Bl 59-1, He 59-1, La 59-2). A maximum of aniso-
tropy again appears to point to a new fission channel (La 59-2). The
smaller amounts of anisotropy are understandable, because more chan-
nels are available and because the target nuclei do not have the angular
momentum Iy = 0 (see above). However, the amount of I, (U233, 5/2;
U235: 7/2; Pu239: 1/2) does not appear to affect the magnitude of the
anisotropy systematically (He 59-1).

With E | as high as perhaps 10 MeV, theory leads us to expect fur-
ther anisotropy maxima in the case of even-even and even-odd nuclei if
the reactions (n, 2nf), (n, 3nf), etc., become possible (Ha 58-2). Meas-
urements in this energy region (He 56-1, Bl 59-1) are still not sufficiently
numerous to permit clear recognition of maxima., However, here, too,
the average anisotropy is smaller for even-odd nuclei than for even-even

nuclei. This appears to be based, at least partially, on the various fission

- 920 -



probabilities: In the even-odd nuclei U233 and Pu239 (Bl 59-1), the reac-

tion (n, f) is quite predominant over (n, nf), (n, 2nf), etc., so that highly

excited compound nuclei split. This makes possible large K and thus

requires smaller anisotropies (Ha 58-2; see above).

6.5 Fission by Particles With Energies E > 10 MeV

6.51.

6.52.

General

With particle energies of more than about 10 MeV,
the fission fragments are almost always emitted aniso-
tropically. The direction of preferred emission for 10 MeV

< E £ 50 MeV is § = 0; the angular distribution has the
form a + b cos?p + c cos4p (Br 54-1, Br 55-1, Co 58-2).
With particle energies of about 100 MeV, the emission
angle can be changed to p = 90 deg; the angular distribu-
tion, in this case, can be represented by a + b sinzfé;
otherwise, by a + b cos?p (Po 57-2, Wo 57-1). (a and b
are always non-negative.)

The dependence of the anisotropy on the angular
momentum of the target nucleus is insignificant compared
to the dependence on Z2 /A of the compound nucleus (see
@ 6.4., conclusion), should the latter be formed.

Dependence of the angular distribution on the target nucleus,

the compound nucleus, and the excitation of the latter.

For a fixed bombarding particle of fixed energy,

the anisotropy generally decreases noticeably as Z%/Az
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increases (for neutrons: Br 54-1, Pr 58-3; for protons,
deuterons, and a-particles: Co 58-2; for protons of very
high energies: Po 57-2; for c12_puclei: Po 59-1).

Figure 6,52, for example, shows anisotropy for the fission
of seven target nuclei by deuterons and a-particles as a
function of Zi/Az. The curves are quite smooth, even
though the angular momentum I; of the target nuclei fluctu-
ates within broad limits., The anisotropy does not appear
to depend intrinsically on I,c (Co 58-2, Pr 58-3)., More
detailed arguments (elimination of the dependence on
Zi/Az and comparison of It and the transferred orbital-
angular momentum 1) reinforce this conclusion

(Co 58-2),

The relationship between the anisotropy and the
parameter Z%/AZ of the liquid drop model appears unclear
at first. However, it becomes understandable if the possi-
bility of neutron emission before fission is considered
(Co 58-2, Ha 58-1, Ha 58-2, see 1 6.4, conclusion). For
excitation barely above the activation energy, the anisotropy
decreases with increasing excitation U, (Fig, 6.4). The
high anisotropy at small Zg /AZ can now come about in the
following manner: small Zg / AZ indicate great probability
of neutron emission; from the latter, a residual nucleus

with a smaller excitation is formed; this excitation, in
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6.53.

turn (when the residual nucleus is split), leads to high
anisotropy. In the reactions Ra226 + d and Bi209 + a,
light residual nuclei are created, for which the above
arguments are not valid without modification (Ha 58-2).

Dependence of angular distribution on energy, angle,

and orbital angular momentum of the bombarding particles.

For a fixed target nucleus, the anisotropy increases
slowly, and generally smoothly, with increasing energy E
of a fixed bombarding particle (Br 55-1, He 56-1, Co 58-2).
This is connected with the fact that, on the average, par-
ticles of higher energy also transmit a higher orbital
angular momentum (see below). Theory (Ha 58-2) leads us
to expect maxima of anisotropy beyond this, as they were
observed with smaller E (9 6.4), if, after the emission of an
additional neutron, another fission possibility presents itself.
Thus far, the measured data are so sparse that the possi-
bility that further maxima might be found appears likely.

If, for a fixed target nucleus, the bombarding particle
is varied, the anisotropy increases with increasing particle
mass if E is fixed (Figure 6,52). This is probably the case
because particles with greater mass can transmit a greater
orbital angular momentum. With increasing transmitted orbi-

tal angular momentum, the anisotropy increases considerably.
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The fission of the compound nucleus Pyu239 yields 1.(0°)/

L(90°) = 1,19 or 1,38, depending upon whether it was

237 235

created by Np + dorby U t a; Egjand E, are

selected in such a way that the compound-nucleus excita-

tion is equal in both cases (Co 58-2). In this example,

a-particles transmit about 1,7 times more orbital-

angular momentum than deuterons. The increase in aniso-
tropy with increasing orbital angular momentum | is under-
standable, because fewer directions are available to the
angular momentum I, of the compound nucleus if 1 is large

(St 56-3).

At bombardment energies E > 100 MeV, the fission
fragments are generally no longer emitted nonrandomly in
or against the bombardment direction (at f = 0) but rather,
nonrandomly at $ = 90 deg. Figure 6.53 shows this for the

fission of U238 by protons (Lo 55-1, Pe 55-1, Me 58-1);

the same is true for the fission of U238 by fast neutrons
(Os 56-1) and of Ta by 450-MeV protons (Po 57-2). However,
in the fission of Bi by 450-MeV protons, § = Cis (as other-

wise at small E) the preferred emission angle.

The generally anomalous anisotropy (preferred emis-
sion angle fp = 90 deg) at E 2 100 MeV stems from the fact
that with such high E, compound nuclei are no longer formed;
instead, the bombarding particle releases a nucleon cascade

(9 1.1). The bombarding particle essentially retains its
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direction of flight; the impacted nucleons, on the other hand,
attain nonrandom velocities perpendicular to the bombard-
ment direction and only very low kinetic energiés. These
nucleons are again partially absorbed by the nucleus and are
capable of exciting it to fission, during which the fission
fragments are emitted nonrandomly in the direction of the
absorbed particles, as was observed in the case of weakly
excited compound nuclei. This means that the fission frag-
ments fly off nonrandomly perpendicular to the direction of
the primary bombarding particles (Ha 59-1). A semi-
quantitative observation yields an approximation of the noted
angular distribution a + b sin2 p.

In essence, it should be the residual nuclei with
small excitation Uy that remain after the cascade which are
responsible for the high anisotropies (see % 6.4). Thus, the
divergent behavior of Bi might be explained by the fact that
with such light target nuclei, fissions are not possible with
small excitations (Ha 59-1). This explanation appears
unsatisfactory in view of the different kind of behavior of
Ta. Besides, it was found that (for U, 2 50 MeV) the aniso-
tropy appeared to increase; if only weakly, with increasing

Uk (Lo 55-1, Pe 55-1, Os 56-1).
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6.54. Dependence of the angular distribution on the fission

ratio Ap/Aj.

To this point, the anisotropy was understood to be
averaged over all Ah/Al' If it is considered as the
function of Ay /A, the anisotropy disappears during sym-
metrical fission and increases only as Ah/A1 increases
(fission by neutrons: Pr 58-2, by protons: Co 54-1,

Co 55-1, Me 58-1; Fig, 6.54). This law appears to be
valid even for the fission of Ta with 450-MeV protons,
although the data are very inexact (Po 57-2). The law also
holds for photofission; the interpretation is the same

(9 6.22),

The transition of the preferred emission angle
p = 0to P = 90 deg for fission by neutrons and protons
with energies of about 100 MeV occurs at higher E for
Ap/A | = 1 than it does for Ap/A; > 1 (Me 58-1). This,
too, appears to be connected with the different excitations
of splitting nuclei (see ¥ 6.52, conclusion).

In general, no preferred emission angle was
determined for heavy fission fragments (as opposed to light
fission fragments). Only in the fission on Np237 by neutrons

were considerably more heavy fission products discovered

for § = O (in the direction of the bombarding particles) than

1]

for § = 180 deg (Br 55-1).
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7. NUCLEAR CHARGE OF THE FISSION PRODUCTS

T.1. Introduction

The nuclear charge of a fission product is interpreted to be its
nuclear charge before the first f-decay ( 9 4.1). In the appendix to ¥ 4.1,
a few new concepts are introduced.

The independent yield, divided by the associated chain yield, is

designated as the specific independent yield. It is customary to base its

computation on a chain yield which comes from a smoothed mass distribu-
tion (without microstructure).
For a fixed mass number A, the specific independent yield as a

function of nuclear charge Z yields the charge distribution for this fixed

mass number. The sum of all the independent outputs for a fixed Z (neg-

lecting A), written as a function of Z, is the distribution of all fission pro-
ducts with respect to their nuclear charge.

The cumulative yield of a nuclide is the sum of the independent yield

of this nuclide as a fission product and the cumulative yield of its B-decay

predecessor (recursive definition). The specific cumulative yield is the

cumulative yield divided by the associated chain yield from a smoothed

mass distribution. Shielded nuclides are those which could not have been

created through B-decay. Their cumulative yield, therefore, is equal to

their independent yield.
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7.

2.

Measured Results

7.21,

7.22.

Independent yields.

An exact determination of charge distribution pre-
supposes the measurement of independent yields. Such mea-
surements are very difficult to make for thermal and spontaneous
fissions, because the half lives of the fission product
often amount to mere seconds. Therefore, the measured
data (Table 7.21-1) are very limited. Frequently, only upper
limits can be given.

In fission by faster particles, independent yields
can be determined more easily, because the fission products,
on the average, are more stable against f-decay. The reason
for this is that fission at high energies is connected with the
emission of a greater number of neutrons (9 1.43). There-
fore, the specific independent yields do not fluctuate in such
broad limits as they do in thermal fission. Table 7. 21.2 shows
studies in which independent yields have been determined.

Width of the charge distribution for a fixed mass number.

If we are content merely to determine the width of a
charge distribution, a way other than the measurement of
independent yields is available. Since the mean total charge
of a fission product depends upon its nuclear charge, the width

of a charge distribution can be determined through deflection
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in a magnetic field: in the thermal fission of U235, the charge
distribution for the mass number A = 97 is a gaussian curve
with a width of 2.4 £0.5 (Co 58-1).

The charge distribution, which was constructed from
specific independent yields in thermal and spontaneous fission,
has a width of about 2.2 (Eq. 51-1; see 97.41). The statistical
theory of fission (Fo 56-1), on the other hand, reports a width
of only 1.2. The width of the charge distribution (4 7,42)
increases with increasing bombardment energy.

7.23. Width of the distribution of all fission products with respect to

their nuclear charge.

The distribution (in thermal fission) has two maxima, -
as does the mass distribution. The width of the maxima can
be estimated, using Moseley's law, from the width of the max-
ima of the X-ray-K spectrum of the fission products (see
% 8.32). The width of the maxima (for thermal fission of
U239) was found to be about 14.5% for the light fission-product
group (most probable Z: 40) and 17% for the heavy group (most

probable Z: 56) (Sk 59-1).
7.3. Postulate for the Charge Distribution for Fixed Mass Number

It is not possible to construct a charge distribution for every mass
number A from the few known independent yields. Therefore, we postulate

that the charge-distribution curves for all A can be made to coincide if Z -{z)
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can be entered on the abscissa instead of Z, where (Z) is the charge number
of the appropriate isobars which will most probably appear (not necessarily
the whole charge number). This postulate is in agreement with statistical
theory (Fo 56-1) and has given good results. In addition, it is usually
assumed that the charge distribution is independent of the target nucleus if
the excitations of the splitting nuclei are all comparable; this assumption,
too, has been proven to be a good one.

The following postulates were suggested for the determination of <Z>

They are either empirical or are based on theoretical considerations. The
(not necessarily whole) charge number of the (hypothetically) most stable
isobar for the A under consideration has been designated by Z'.

a. The postulate of regular charge di‘stribution (Eq. 51-1+) is based
on the liquid drop model. The splitting nucleus and the fission
fragments should have equal charge densities., The B-decay
chains, then, are longer for light ’fission products than for heavy
ones in thermal fission.

b. The postulate of equal decay-chain lengths (Eq. 51-1) requires
equal lengths of the B-decay chain for all complementary (i.e.,

created in one fission) fission products:
Z' (A]) -2 (A1) = Z' (Ag) - {Z) (A) (7.3)

Different assumptions about Z' lead to different <Z> (R 7.4).
c. The postulate of inhomogeneous bharge distribution (Pr 47-1)

states that the Coulomb repulsion of the nuclear charges leads
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to charge transpositions in which a greater mean charge density
results for the light fission fragment than for the heavy fission
fragment,

d. The postulate of minimum potential energy (Wa 48-1, Wa 49-1)
requires such a distribution of the charge among the fission frag-
ments that the sum of the Coulomb and binding energies of the
fission fragments has a minimum, The resulting f-decay chains
are shorter for the light fission products than for the heavy ones.

e. The postulate of the greatest liberating energy (Ke 56-1) requires
a minimum for the sum of the two fission-fragment masses (com-

puted as in Ku 55-2).
7.4. Proof of the Postulates

7.41. Thermal and spontaneous fission.

Postulates b and e have proved to be usable., In agree-
ment with Co 58-1, the charge distribution for fixed mass
numbers is generally nearly a gaussian curve, Its width is
approximately 2.2 (Eq. 51-1; see ¥ 7.22).

In postulate b, various <Z> result, depending upon the
choice of Z'. Originally (Eq. 51-1), a smooth function Z' (A)
(Wa 44-1) was used; thus, <Z> (A) was also smooth., The charge
distribution is shown in Fig, 7.41-1, Consideration of the
shell effect leads to an unstable function Z' (A) (Co 53-1) and

thus, to an unstable function <Z) (A) (Pa 53-1, Pa 56-1); the
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dispersion of the measured points about the charge-distribution
curve decreased (Fig. 7.41-2), A similarly narrow dispersion
of the measured points resulted when mean values were taken
for the unstable function Z' (A) in the region of magic numbers
(St 56-2).

The basic purpose of postulate e is to allow for shell
effects not only for Z' but also for<Z>. On the basis of postu-
late e, two new independent yields (1128, 1130y £it the charge-
distribution curve better (Ke 56-1),

On the basis of newer data for the nuclear masses
(Wa 55-2, Ca 57-1, Ha 57-1), the <Z> were recomputed accord-
ing to postulates b and e (Gr 57-2). Postulate b was confirmed
quite satisfactorily; postulate e resulted in a smaller inﬂuence
of closed shells on <Z> than in Ke 56~1 and yielded an unsym-
metrical charge distribution.

Because of the lackofclarity concerning the most suit-
able method for calculating the function {Z)>(A) from postulate b,
the {Z) for U235 were also determined empirically (Wa 58-1):
according to Eq. 51-1, Pa 56-1, and St 56-2, the{Z) (A) lead
essentially to the same charge-distribution curve. The latter
was retained, and the <Z> were fixed in such a way that each
measured independent yield lay precisely on the curve; mea-
sured cumulative yields (Table 7.21-1) were also taken into

consideration. Figure 7.41-3 shows the function which was
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7.42.

thus obtained. It is essentially smooth, as is the one
originally computed (Eq., 51-1).

Fission by bombarding particles with energies

E R 5 MeV,

Although postulates a and b have proved usable, they
partially contradict the results.

Analysis of measured independent yields gives the
following results: for bombardment energies E < 15 MeV, pos-
tulate b is effective. The charge distribution is nearly in the
form of a gaussian curve (Fo 53-1, Wa 55-1, Al 57-1; com-
pare Table 7, 21-2 with these and the following references).

In the region 15 Mev £ E £ 50 MeV, none of the postulates
is confirmed satisfactorily; if the data are matched to postu-
late a (Gi 56-1) or b (Fa 58-1), the charge distribution is no
longer a gaussian curve. In general, postulate a has been
satisfactory for E 2 75 MeV (Go 49-1, Fo 55-1, Jo 55-1,

Kr 55-1, La 57-2, Po 57-2). In the fission of Tal®!, postu-
late a appears valid according to Kr 55-1 and postulate b
according to Po 57-2, Pa 58-3+.

A less direct method (Pa 58-3) for confirming the
validity of the postulate is the Monte-Carlo computation of the
total reaction and comparison of the computed ratio N/Z of the
neutron and proton number of the fission product with experi-

mentally determined N/Z (La 57-2, Pa 58-1). The Monte-Carlo
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computation was accomplished using Do 58-1, Me 58-2,
Me 58-3, and making a simple assumption about the depend-

ence of .f'n/ _I:'f on ZZIA for the reaction Th232

+ p(E, = 8 MeV).
and U238 4 p (E, = 83 and 450 MeV). In each case, postulate
b was found valid.

Figure 7.42 (Pa 58-1) shows the dependence of the
charge distribution on bombardment energy E. As E increases,
<Z) moves closer to Z', and the width of the curve increases
(from 2.2 for E £ 25 MeVto 3.2). The displacement of the
maximum is required by the number of emitted neutrons, which
rises as E increases; v can be estimated from a charge dis-
tribution (Wa 58-2). The widening of the curves corresponds

to the increasing number of possible splitting nuclei with

different excitations if E increases (9. 1. 44).

- 34 -



8. PROMPT NEUTRONS AND GAMMA RAYS

8.1, Introduction

The neutrons and gamma rays which are emitted no later than 5 x
1078 gec after fission are designated as prompt. Delayed neutrons (Ke 58-1)
and delayed gamma rays are emitted in connection with the - delays and
K- captures of the fission products. They are 1:10t treated in this paper.
However, the number v of the neutrons emitted per fission (9 8.21 and
8.23) by definition also contains the delayed neutrons. Since the latter
amount to only 1% of the total neutrons (Ke 58-1), their contribution to v
(which is generally smaller than the measurement error) is not consid~
ered further.

In cémpound-—nucleus excitations U, > 10 MeV, (n, nf)-reactions,
and with higher U, even (n, 2nf)-reactions, etc., are possible (% 1.33).
The neutrons emitted before fission are considered prompt by definition
and are also contained in the number v (4 8.212). Of course, certain
statements (e.g., about angular relationships) do not apply to them (this
will not be pointed out again in this paper). For U, 2 20 MeV, the fission
is connected with the emission of even more numerous lighter particles,
about the nature and time of whose origin no precise statements can be
made (9 1.43). Hence,%8 is applicable only to fission processes in which
no compound-nucleus excitations higher than 20 MeV occur.

The upper limits, 10713 sec (Er 57-1+4) and 4 x 10~ 14 sec (Fr 52-1),

have been determined experimentally (in the thermal fission of Pu239) for the
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times in which the major portion of the prompt neutrons is emitted.

Gamma-radiation is emitted until about 10‘5

sec after fission (because of
isomeric transitions), but the energy of the radiation emitted between 5 x
1078 and 1079 sec after fission amounts to an average of only 5% of the
energy of the prompt gamma-radiation ( thermal fis‘sibvn of U235, Ma 58-1).
Basically, prompt neutrons and gamma rays could be emitted from
the splitting nucleus or from the fission fragments. In the following para-
graphs, a number of experirhental results are cited for neutrons, which can
be explained by assuming emission from the fission fragments ‘( 9 8.22 and
8.24). These explanations are based on the assumption that the fission frag-
ments have already attained their full velocity during the neutron emission,

which means that the neutrons are emitted at least 10__20

sec after the separ-
ation of the fission fragments (Te 59-1). In the case of gamma-radiation,
the experimental indications of fission-fragment origiri are less numerous
(9 8.32 and 8.33). It does not appear impossible that at least a portion of

the radiation is emitted during the acceleration of the fission fragments

(9 8.32, conclusion).
8. 2. Prompt Neutrons

8.21. Mean number ; of neutrons emitted per fission

8.211. Dependence of v on the compound nucleus in spontan-

eous and thermal fission. Table 8, 211 lists the mea-

sured v for thermal and spontaneous fission processes. v

increases with increasing mass number A, of the compound
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nucleus. Systematic mathematical interrelationships in v

can be expected only after conversion to equal compound-
nucleus excitations U,. With the aid of the results from

9 8.212,an extrapolation of v for thermal fission was made
for U, = 0,and v was then written as a function of A, (Bo 58-3).
Thé function is only very roughly linear. A computation,
which is based on Eq. 5.1-4, on simple observations of
energy using experimental results, and on a simplified dis-
tribution of the fission-product masses, yields separate curves
v (A,) for various nuclear charges Z,, to which the experi-
mentally determined points have a reasonably good fit

(Bo 58-3). The simpler provisional computations (Ko 58-1)
lead to the same results within the range of computation
accuracy.

8.212, Dependence of v on bombardment energy. v was

measured for the target nuclei U233, U235, and Pu239 at
bombarding neutron energies E,, between 0. 025 ev and 15 MeV
for the target nuclei Th232, U238, Np237, Pu240, and Pu241
in narrower E, regions. Le 58-1+ contains a comprehensive
table of the measurement values; Table 8. 212 gives additions
to this table. Figure 8.212 shows v as a function of E, for
some nuclei,

For E, < 0, too, v increases linearly with increasing
Ep (spontaneous fission of the compound nucleus). This is to
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be expected for E, < 5 Mev [ as long as no (n, nf)-reactions
are possible] (Le 56~1+, Le 56-2, Te 57-1, Bo 58-3) if the
bombardment energy affects only the excitation of the fission
fragments but not their kinetic energy (4 5.1). However,
;(En) continues to increase nearly linearly up to E, = 15 MeV.
The explanation for this rests upon the fact that with (n, nf)-
reactions the excitation of the splitting nucleus is lower than
that of the splitting compound nucleus with (n, f)-reactions.
The fission fragments thus generally emit fewer neutrons
with (n, nf)-reactions, and this nearly compensates for the
emission of a neutron before fission (Bo 58-3, Le 58-1,
Sm 58-3), because the neutron binding energies in the com-
pound nucleus and the fission fragments are approximately
equal and, with fixed excitations, v varies very little from
nucleus to nucleus. Similar observations apply to Ep 2 13
MeV if (n, 2nf)-reactions have become possible.

It is in accord with the linear variation of ¥ (En) that
for 0.025 ev SE $0.5 ev, U does not change measurably
(Au 55-1, Ka 56-1, Sa 56-2, Bo 58-1).

8.213. Dependence of v on the fission ratio Ah[A1 and on the

mass number A of the emitting fission fragment.

Experiments were performed with the thermal fission of
U233 I(Fr 54-1), the spontaneous fission of cf292 (gi 57-1,
Bo 58-2, St 58-3, Wh 59-1), and the fission of U238 py
deuterons (Su 57-1). Measurements of U233 are not always
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in agreement with those of cf252 (perhaps as a result of the
smaller probability of provable neutrons).

Figure 8.213-1 shows the likelihood of neutron
emission as a function of A} /A, for U233 separately, for the
light and heavy fission fragments. The majority of the neu-
trons are emitted from the heaviest fission fragments of the
light group and from the heaviest fission fragmentsvof the
heavy group. In the approximate region of the most probable
Ap /Ay, the likelihood of emission has a broad maximum, as
has been predicted in the statical theory (Fo 56-1). On the
average, the light fission fragment emits 1. 24 times more
neutrons than the heavy one,

The number of neutrons emitted by a fission fragment
was measured for Cf292 as a function of the mass number A
(Wh 59-1). The results (Fig, 8.213-2) include the assump-
tion that the neutrons are emitted isotropically in the center-
of-mass system of the fission fragment. On the average, the
light fission fragment emits 1. 02 times more neutrons than
the heavy one. The sudden change in the neutron number
near AH/AL = 1 also occurs for U233, according to Fig.
8.213-1, It indicates that the light fission fragment is excited
to a much greater extent than the héavy one if fission is nearly
symmetrical., The magic number N = 82 (A = 133 - 134)
could contribute to this change which is not reflected in the
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distribution of the fission-product masses (9 4). Of course,
it might only be apparent; in that case, the assumption of
isotropic neutron emission would have to be entirely false
(Wh 59-1).

The function v (Ap/Aq) can be constructed from Fig,
8.213-2. Direct measurements give the best agreement
(St 58-3). The curves v (Ay,/A;) in Hi 57-1 and Bo 58-2 have
a somewhat different appearance (apparently as a result of
lower measured results). The maximum of v at the most

probable Ay /A] which was observed for y233

f252; rather, v decreases in this region as

is not yielded
in the case of C
Ah/A1 increases.

In the fission of U238 by deuterons, too, the
number of neutrons emitted per fission decreases roughly
with increasing Ay /A; (Su 57-1, see Table 1,432).

8.214. Dependence of v on the total kinetic energy Ty + T

of the fission products. Figure 8,214 shows v as a

function of Ty + Ty for the spontaneous fission of C292
(according to St 58-3). The corresponding curves in Hi 57-1
and Bo 58-2 have a somewhat different appearance (apparently
as a result of lower measured results).

In addition, v as a function of T} + T} for various ranges
of the fission ratio Ap/Aj and v as a function of Ap/A; for

various ranges of T + T}, were also determined (Hi 57-1,
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8.22.

St 58-3). The results agreed in that they showed 7 to be a
linear function of both arguments in the region of the most
probable Ah/A1 and T; + Ty.

dv / [B(Tl + Th)] can be estimated theoretically.
According to Eq. 5.1-3, a decrease in T; + T}, must result
in an increase of the entire fission-fragment excitation Uy, +
UH and, hence, alarger v, since the sum F of kinetic and excita-
tion energy for a given Ay /A is fixed by Eq. 5.1-4 (except for
small fluctuations caused by different fission-fragment nuclear
charges). Assuming Uy, + Upto be distributed evenly over
all nucleons of the fission fragments, the evaporation theory
yields a (negative) value for a;/[a(Tl + Th)] (Le 57-1),
around which the experimentally determined values (Hi 57-1,
St 58-3) also lie, In the thermal fission of U233 (Fr 54-1),
on the other hand, the differential quotient was found to be
approximately zero. This would mean that v can depend on
T; + Ty only through Ay/A{, and thus, (Eq. 5.1-3) on the
fission-fragment excitation UL + UH’

Energy spectrum

Table 8. 22 supplies information about measurements
of the distribution of prompt neutrons with respect to their
energy Tp (their energy spectrum in the laboratory

system)., The spectra for the various fission processes are
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very similar; the mean energy Tn increases with increasing
2
Zz/Az (Ko 58-3).
The measured spectra can be reproduced very well
within the experimental accuracy, by two different distribu-

tions. The first is the Maxwell distribution

Th

N, (T,) = ————2—7375 VT e 2 (8.22-1)

with a parameter a (Bl 43-1, Te 59-1). The second distribution

T
n
N, (Tp) = f(b,c) e P sinh /cT, (8.22-2)

with two parameters b and ¢ (Wa 52-1, Er 57-1+) follows, if
isotropic emission with a Maxwell distribution of neutron
energies is assumed in the center-of-mass system of the
fission fragment. Figure 8. 22 shows both distributions,
toge’éher with experimental data for c£292, Some of the values
of TI'_n in Table 8. 22 are averaged from values yielded by Egs.
8.22-1 and -2,

The evaporation theory (Bl 52-2) based on the statis-
tical nuclear model, assuming isotropic neutron evaporation
in the fission-fragment center-of-mass system, does not yield
a Maxwell distribution of the neutron energy €, in this system

but rather (with some simplifications), the distribution
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€n

Np(en) ~ ene @ (8.22-3)

in which Q is the so-called temperature of the fission fragments

after the emission of one neutron (Bl 52-2). The resulting dis-

tribution of T, with fixed Q (Fe 42-1, Fe 51-1) does not parallel
the measured spectrum (Te 59-1), Therefore, numerical cal-
culations of the T, distribution based on the evaporation theory
(Table 8. 22) should comé from a distribution of Q, which, in
turn, is related to the distribution of the fission-fragment exci-
tations Uy, and Uy (as was the case in Te 59-1), The results
of such calculations differ only slightly from the Maxwell Ty
distribution (which has been confirmed experimentally)(Te 59-1).
This result does not change if the assumption of isotropic neu-
tron emission is neglected; in an isotropic neutron emission,
the Tp-distribution is even more similar to a Maxwell distri-
bution, |

The mean nuclear temperatures Q (Table 8. 22) were

determined from
Tp = 0.78 MeV + 2Q (8.22-4)

This equation (Te 59-1) is based upon numerous measurements
of energy magnitudes and on the spectrum of Eq. 8.22-3.

Statistical theory yields only a very slight increase in
Ty with increasing excitation U, of a fixed compound nucleus
(Ba 57-2, Le 57-1); i.e., dT,/dU, = 0,046/vv + 1 (Te 59-1).
So far, this slight increase could not be confirmed experi-
mentally (Ko 58-1),
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8.23.

8.24,

Probable emission of exactly v neutrons per fission,.

Table 8.23 shows the measured results of the probable
emission of exactly v neutrons per fission. Semi—empirical
computations of this probable emission were carried out by
two different methods.

In one method, the total excitation U, + UH of the fis-

L
sion fragments and their distribution over Eqgs. 5.1-3 and -4
is computed from the measured distribution of the kinetic
energy T1 + Ty (9 5.5); using the evaporation theory, the
distribution of Uy, + Uyp yields the distribution of v; that
is, the probable emission being sought (Co 56~1, Le 56-2).
The calculated probabilities are in good agreement with the
measured ones, as is shown in Fig, 8.23.

In the other (simpler) method, a gaussian distribution
of Uy, + UH is postulated, with a width which is proportional
to the average value of B, + T, (binding energy and kinetic
energy of an emitted neutron). If 1,08 is selected as the

proportionality factor (except for 292

, In which case it is
1.21), the distribution of v which results from the distribu-
tion of UL + UH is a good reproduction of the measured

results (Te 57-1).

Angular relationships

8.241. Angular relationships between the directions of flight

of the fission fragments and the neutrons. In the
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experimental system, measured angular distributions for
the emitted neutrons with respect to the direction of flight
of the light fission fragments can indicate (although not
always conclusively) whether or not the neutrons in the
center-of-mass system of the fission fraginent are emitted
isotropically and whether the two fission fragments usually
emit the same or different numbers of neutrons. The
angular distribution was measured for the thermal fission

of U233 (Fr 52-1), U235 (Fr 52-1, Ra 58-1), and Pu?%?

(Fr 52-1) and for the spontaneous fission of sz52
(Fn 59-2),

For confirmation, the measured angular distribution
is compared with a computed one (Fr 52-1, Ra 58-1,
Te 59-1). In the computations, isotropic neutron emission
and the energy spectrum of Eq. 8.22-3 (without a fixed
nuclear temperature) were assumed in the fission-—fragment\
center-of-mass system. The angular distribution was
obtained as a function of the quotient of the numbers of
neutrons from light and heavy fission fragments. In Fr 52-1,
calculated and measured angular distributions agree, if it is
assumed that the light fission fragment emits approximately

1.3 times as many neutrons as the heavy one, Other authors

obtain 1.2 (Ra 58-1), 1.1 to 1.2 (Te 59-1, using the
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measured results of Fr 52-1), or 1,25 (Sn 59-2) for this
factor. A few somewhat deviating values of this factor
are found in other experiments (9 8.213).

In Ra 58-1, calculated and measured angular distri-

butions for small angles do not agree at any value of the
above-mentioned factor. One must therefore conclude that
the neutron emission in the direction of flig_ht of the fission
fragment (in the fission-fragment center-of-mass system)
is nonrandom; i. e., the neutron emission is not isotropic.
A possible explanation for this nonrandom direction is that
the neutrons are emitted immediately after the separation
of the contracted deformed fission fragments (Hi 53-1,

St 59-1). However, there is no experimental proof either

for or against isotropic emission (Te 59-1).

8.242., Angular relationships between prompt neutrons.

Measurements of the angular distribution between two
neutrons generated in the same act of fission should be
capable of supplying information about whether pairs of
neutrons stem from the same nuclear fragment or from
different ones. Experiments were made with the fission
of U239 (Be 48-1) and natural uranium (Sk 56-1) by slow
neutrons; the measured angular distributions are contra-
dictory. In Be 48-1, the distribution is nearly constant
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from O to 90 deg and then increases by a factor of two up
to 180 deg; to be sure, the measured values are somewhat
uncertain for small angles (Sk 56-1)., In Sk 56-1, the dis-
tribution is symmetrical, with a minimum at 90 deg, It
may be concluded from the first distribution that twice as
many neutron pairs are emitted by fission fragments stem-
ming from different acts of fission than by those generated
in the same act (Be 48-1), and from the second distribu-
tion (using the results from 9 8,241), that neutron pairs-
can stem from fission fragments generated in the same and
in different acts of fission with equal probability (Sk 56-1).

8.243. Angular relationships between the directions of

flight of the bombarding particles and of the neutrons. The

angular distribution between the directions of flight of the
bombarding particles and the prompt neutrons was calcu-
lated for the fission of U238 by neutrons with energies
between 1 and 10 MeV (Ba 57-2). The directions of flight
of the fission fragments were determined by means of a
simplified angular distribution, according to Br 55-1

(9 6.5); for the prompt neutrons, isotropic evaporation
from the fission fragments in the fission-fragment center-
of-mass system was assumed. A nonrandom direction of
the neutron velocities in the direction of the bombarding

neutrons resulted in experimental system.
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8. 3.

Prompt Gamma-Radiation

8.31.

8.32.

Average number of prompt gamma rays emitted per

fission.

Table 8.3 shows the measured values for the mean
number .N_’Y of the gamma rays emitted per fission. For
Cf252,—1\7,y was investigated as a function of the total
kinetic energy T1 + Ty, of the fission products and of the
fission ratio Ay/A; (Mi 58-1). -1\77 decreases linearly
with increasing T; + T}, but the dependence is much
weaker than the corresponding one for 7 ( 94 8.214). As
a function of A A, N, shows a minimum at Ay /A,
=~ 1.1; a further minimum at Ay /A, = 1.86 is indicated.
This relationship is attributed to the shell effect: at
Ah/Al = 1.1, the heavy fission fragment has slightly more
than 50 protons and 82 neutrons; at A, /A, = 1.86, the light
fission fragment has little more than 50 neutrons.

Energy spectrum.

Figure 8. 32 shows the measured spectra of prompt
gamma-radiation for the thermal fission of U235 (0.3
MeV < T, < 8 MeV, Ma 58-1) and the spontaneous fission
of C252 (0,25 MeV £ T, < 8 MeV, Sm 56-2). Additional

measurements of the spectrum for Cf252 are available for

limited T. ranges (Mi 58-1, Bo 58-2).
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In the 100-kev < T“/ < 800-kev range, eight
distinct lines were found (in the thermal fission of U239)

(Sk 57-1, Vo 57-1). For the radiation with T“/ Sb 250 kev, these
lines were shown to originate inthe fission fragments (Sk57-1;
see ¥ 8.1) by the geometric arrangement of the detection
apparatus. The opinion has been expressed (Pr 58-4) that

the lines could also be created in different fission fragments
through the superposition of y-transitions of nearly equal
energy.

Radiation maxima at 16 and 31 kev (Sk 59-1) and,
according to another source (Le 58-2 +), at 18 and 32 kev,
were interpreted as X-ray K-radiation and maxima at 2.1
and 3. 6 kev (L.e 58-2 +) as Li-radiation. The maxima in
the spectrum at 16 and 31 kev are too broad to be considered
lines. They appeared to be created from fission fragments
of the light group (16 kev) and the heavy group (31 kev)
through the superposition of K-radiation (Sk 59-1; see
9.7.23). Corresponding maxima exist in the thermal fission
of U233 and Pu239 (Sk 59-1).

The prompt gamma spectrum emitted during the
fission of U232 was measured as a function of the bombard-
ment energy. At neutron energies of 0.025 ev, 2.8 MeV,

‘and 14.7 MeV, the spectra vary only within +15% (Pr 58-4).

- 49 -



8.33.

The dependence of the mean energy -'I—‘,Y of a gamma

ray upon the total kinetic energy T, + T, of the fission

h

products is slight; as a function of the fission ratio Ah/Al’

TY appears to have maxima where N’Y (9 8.31) shows
minima (Mi 58-1).

Table 8. 3 lists measured and calculated values for the
total energy 'Z'—T,/ liberated in the form of gamma-radiation
during a fission, The calculations are based on the assump-
tion that the gamma-radiation is emitted by the fission
fragments only when the emission of neutrons is no longer
possible in terms of energy; the other assumptions are the
same as those for the calculation of the spectrum of prompt
neutrons (Le 56-2, Le 57-1; see 94 8.22). The large discrep-
ancy between calculated and measured values of 'i—"._f‘,y indi-
cates that, actually, the gamma-radiation is not emitted only
after the end of the neutron emission (Te 59-1)., This could
be due to the very strong electromagnetic fields which appear
during the acceleration of the fission fragments immediately

after their separation (Te 59-1).

Angular relationships between the directions of flight of the

fission fragments and the gamma rays.

Measured angular distributions for the emitted gamma

rays with respect to the direction of flight of the fission
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fragments in the laboratory system can give an indication
of whether or not the gamma rays in the fission-fragment
center-of-mass system are emitted isotropicaliy. Meas-
urements of thermally split y235 and .P‘u239 showed that
the gamma rays are emitted anisotropically by the fission
fragments, with very weak nonrandom direction in and
against the direction of flight of tile fission fragments

(Le 58-2 +), A brief note (Hu 56-2) indicates that (in the
case of u23 %) more photons are emitted in the direction
of the light fission fragment than in the direction of the

heavy one.
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Table 5.2 Measurement of the energy distribution and range of
fission products. (Numbers in parentheses:
E[MeV; in photofission: E /MeV.)

Fission process

Measurement of
Ty, Ty for fission~

Measurement of
Vp, Vp for fission-

Measurement of T
for single fission

Measurement of the
range distribution

product pairs product pairs products
szs4 spontan. Sm 58-2
¢£252 gpontan. Sm 56-1 Mi 58-1
Hi 57-1 St 58-3
Bo 58-2
Cm244 spontan. Sm 58-2
Cm?242 gpontan. Sm 58-2 Sh 50-1
Ha 51-1
Pu?4? gpontan. Sm 57-1
Pu4l +n Sm 57~-1 (th)
Pu24® gpontan. Mo 58-1 Se 54-1
Pu23® 4 n Br 50-2 (th) St 57-1 (th) Se 54-1 (th)
Mo 58-1 (th) Wa 54-1 (th; 14)
U238 4 cl2 Po 59-1 (75)
U238 4 Ju 49-1 (45; 90) Be 55-1 (150 ~ 380)
Wa 54-1 (2. 5; 14)
v238 4 p Pe 55-1 (460; 660)
Sa 55-2 (660)
Iv 56-2 (140 - 660)
Iy 57-1 (140~ 660)
De 58-1(350)
U288 4 4+ De 58-1(280)
Iv 58~1 (280)
Iv 58-2 (280)
v238 4 4 Be 55-1 {(slow)
Pe 55-1 (slow)
Pe 55-4 (slow)
De 58-1 (slow)
U238 4 4 Ko 56-1(17.7)
Ko 59-1(12.5)
y238 spontan. Ko 58-4 Wh 50-1
U285 4 p Br 50-1 (th) St 57-1 (th) Fo 47-1 (slow;=1)
Wa 54-1 (14) Ju 49-1 (90)
Ko 58-4 (th) Fr 51-1(2.5; 14)
Wh 50-1 (th)
Wa 54-1 (th; 14)
Ko 59-1 {slow)
U283 4 p Br 50~1 (th) St 57-1 {th)
Fr 54-1 (th)
Th232 1 Fo 47-1 (=1)
Ju 49-1 (45; 90)
Th232 + y Ko 56-1{17.7)
Th?29 4+ p Sm 58-1 (th)
Ra%26 4 p No 58-1 (4 - 21)
Bi209 + n Ju 49-1 (90)
Bi2094 5 Pe 55-1.(460; 660)
Sa 55-2 (660)
Da 59-1 (660)
Bi? 4 4~ Pe 55-1 (slow)
Aul9T 4 ol2 Po 59-1 (75)
W+p Pe 55-1 (460; 660)
$a 55-2 (660)
W+ n Pe 55-1 (slow)
Ag, Br +p De 58-1 (180 - 660)

Sa 58-1 (300 - 660)
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Table 7,21-1, Specific independent and specific cumulative yields
of fission products for spontaneous and thermal fission

Specific Specific
Fission process Fission product independent cumulative References
yield yield
Cm242 spontan. cs138 0.11 £ 0,02 St 54-1
Pu239 4+ n Rp86 1.6+ 1074 St 56-2+
s (2.420.2) - 1074 Ke 56-1
J (2,0 0,1) - 10-3 Ke 56-1
cs138 0. 015 St 56-2+
3,1+ 1073 St 56-2+
U235 4 A8 0, 009 Kj 59-1
Br80 ~107% Ke 56-1
Br82 1,4~ 1074 Fe 51-2
1,6. 1074 St 56-2+
~6. 1074 Ke 56-1
Krgg 0.96 Wa 58-1
Kr91 0,86 Wa 58-1
Kro 0,59 Wa 58-1
Kr 0.31 Wa 58-1
RbS6 1.3+ 1075 St 56-2+
Yg‘; <g- 108 Gr 57-1
v <9. 1073 Re 55-2
Np98 9+ 1078 St 56-2+
1.4. 1074 Wa 58-1+
T8 3. 1078 Wa 58-1+
rp102 <17 1077 Sw 51-1
Teldl 0,04~ 0,12 Wa 58-1+
0.14 Wa 58-1+
0.15 .0, 07 Pa 56-1
Te132 0,36 % 0, 17 Pa 56-1+
Jias (9.8 £1,0)« 10-5 Ke 56-1
yi30 (2.8+0,2) - 1074 Ke 56-1
gist < 0,01 Wa 55-1
jisz < 0,01 Wa 55-1
133 < 0,05 Wa 55-1
gis4 0.11 % 0,02 Wa 55-1
0,13 Wa 58-1+
0,18 # 0, 02 Pa 56- 1+
0,21 St 56-2+
X133 < 0,001 Ka 53-1
Xe135 0,027 Br 53-1
0. 035 Ka 53-1
0, 049 Ho 51-2
0. 051 % 0, 007 Pa 56-1+
xe136 0,53 St 49-1
xe 139 0.82 Wa 58-1
xXel40 0.59 Wa 56-1
Xel4l 0,21 Wa 58-1
xel43 8.5. 1073 Wa 58-1
xelt4 L.1. 103 Wa 58-1
Ccs136 1,0. 1073 St 56-2+
La]-“;. <7 104 Gr 57-1
Lalt ~ 0,02 Fo 53-2
Pm148 < 6,8+ 105 Pa 56-1+
<1,1. 1074 St 56-2+
U233 ¢ n Br80 < 1073 Ke 56-1
Br82 (2.5+0,8) » 1073 Ke 56-1
v90 < 8. 105 Gr 57-1
N ~5. 10° Pa 56-1+
gi28 (1.140,1) - 1073 Ke 56-1
J130 (3.8+0.3). 1073 Ke 56-1
Csi38 0,02 St56-2+
12140 3.8+ 1073 Gr 57-1
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Table 8.211, Mean number of neutrons emitted per fission for
spontaneous and thermal fission.
spontaneous fission from Bg58-3+.)

(Optimum values for

Nucleus v References
Fm254 4,05 £ 0,19 Ch 56-1
Ccf254 3.90 + 0. 14 Bo 58-3+
Cf252 3.84 + 0,12 Cr 56-2, Di 56-1, Hi 56-1, Bo 58-2
Ccf246 2.92 + 0,19 Bo 58-3+
Bk249 3.72 + 0.16 Bo 58-3+
Cm244 2.82 + 0,09 Cr 56-2, Di 56-1, Hi 56-1
Cm?242 2.59 + 0,11 Cr 56-2, Hi 56-1
Pu242 2.28 + 0,13 Cr 56-2, Hi 56-1
Py240 2.23 + 0.05 Cr 56-2, Di 56-1, Hi 56-1, Bo 58-3+
Pu238 2.28 + 0.10 Cr 56-2, Hi 56-1
Pu236 2,17 + 0.20 Cr 56-2, Hi 56-1
U238 2.30 £ 0,20 Li 52-1
Thermal fission
Target v References
nucleus
Am?241 3.14 + 0,05 Le 58-3
Pu24l 3.06 + 0.04 Hu 58-2+
Pu239 2.90 + 0,04 Hu 58-2+
U239 2.47 + 0.03 Hu 58-2+
U233 2.51 + 0.03 Hu 58-2+
Th229 2.13 + 0,03 Le 58-4
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Table 8.212. Mean numbers of neutrons emitted per fission for fission
by neutrons. (See Le 58-1+, Table 2 and 3 for details.)

Target nucleus E /MeV T References
Pu?39 14,2 4,75 £ 0, 4 Le 59-2
U233 14,8 4.4 + 0.45 Pr 58-6
Th232 4.0 2.70 £ 0,10 Bo 58-3
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Table 8, 22,
of prompt neutrons,

E,/MeV. Otherwise, E,= 0,025 eV,)

Measurements and computations of the energy spectra
(Numbers in parentheses:

Numerical
Tpn/MeV Q/MeV computation
Fission Spectrum (optimum {optimum of the spectrum
process measurement value from value from according to the
Te 59-1) Ta 59-1) evaporation
theory
292 spontan, Hj 56-1 2.2 £ 0.1 0.71 Le 57-1
Sm 57-2 Ko 58-2
Bo 58-2 Te 59-1
Pu?4l + n Sm 58-2
Pu2d9 + n Ne 52-2 2,00 + 0.05 0.61
Gr 56-2
BEr 57-1+
Ko 57-1
Bo 58-3(4)
Ko 58-1
(0,05~ 0.7
U238 + n Ba 57-2
(0 -~ 10)
U235 + pn Bl 43-1 1,935 + 0,05 0.58 Le 56-2(0;3)
Hi 52-2 Ko 58-2
Ne 52-1 Ko 58-3
Bo 52-1/+ Te 59-1
Wa 52~1
Ni 53-1
Cr 56-1
Le 56-1+
Er 57-1+
Bo 58-3(4)
Ko 58-1
(0,05~ 0,7
U233 4 g He 55-1 1.96 + 0,05 0. 59
Gr 56-2
He 56-2
Er 57-1+
Ko 57-1
Ko 58-1
(0,05~ 0,7)
Sm 58-2
Sm 59-1
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